Ghrelin is secreted primarily by the stomach, although other tissues such as the pancreas synthesize a minor proportion. The discovery of a new cell type that produces ghrelin in the human pancreas and that this organ expresses GHS-R opens new perspectives in the understanding of the control of glucose metabolism. We have studied 22 children with newly diagnosed type 1 diabetes mellitus at four different points: at diagnosis before insulin therapy, after 48 -60 h of insulin therapy, and after 1 and 4 mo of insulin treatment. At each point circulating levels of ghrelin, leptin, IGF-I, IGF binding protein (IGFBP)-1, IGFBP-2, IGFBP-3, and glucose were determined. Ghrelin levels were significantly decreased at diagnosis (573 Ϯ 68 pg/mL, p Ͻ 0.01) compared with controls (867 Ϯ 38 pg/mL) and remained decreased after insulin therapy (d 2: 595 Ϯ 68 pg/mL; 1 mo: 590 Ϯ 61 pg/mL; 4 mo: 538 Ϯ 67 pg/mL) with no differences before or after insulin treatment. There was a negative correlation between ghrelin levels and body mass index at all of the study points, whereas a negative correlation between ghrelin and glucose concentrations was only observed after insulin therapy. No correlation between ghrelin and HbA1c was found at any point. A positive correlation between ghrelin and IGFBP-1 was found after insulin therapy, but no correlation with other members of the IGF system or leptin was found. In conclusion, these data could indicate a possible link between glucose concentrations and ghrelin; hence, the persisting low ghrelin levels in diabetic children may suggest a defensive mechanism against hyperglycemia. The recent discovery of ghrelin, an acylated 28 amino acid peptide (1), has added new perspectives to our understanding of the control of food intake, energy balance, and growth. Ghrelin is secreted primarily by the stomach and duodenum, although a minor proportion of ghrelin synthesis occurs in other sites such as the hypothalamus, pituitary, and lung. Ghrelin can bind to two different receptors (2), GHS-R1a, involved in the control of GH secretion, and GHS-R1b whose function remains unknown. Recent reports (3, 4) describe a new cell type in the human pancreas that produces ghrelin. The pancreas also expresses GHS-R (2); hence, in addition to stimulating GH secretion (5) and controlling food intake, fat utilization, and fat synthesis (6 -8), ghrelin could play an important role in glucose and insulin metabolism. However, controversial data exist concerning the influence of ghrelin on glucose and insulin levels. Although some authors report that ghrelin stimulates insulin secretion (9, 10), others suggest that it reduces insulin secretion (11-13). There are also controversial data related to the influence of glucose administration on ghrelin levels (14, 15) and the changes in ghrelin levels after insulin administration (16, 17) . However, it is clear that ghrelin administration produces hyperglycemia (12, 13). This ghrelininduced rise in glucose levels is unrelated to a decrease in insulin secretion as the decline in insulin often follows the hyperglycemia. Furthermore, it does not reflect an increase in glucagon secretion (13).
Ghrelin is secreted primarily by the stomach, although other tissues such as the pancreas synthesize a minor proportion. The discovery of a new cell type that produces ghrelin in the human pancreas and that this organ expresses GHS-R opens new perspectives in the understanding of the control of glucose metabolism. We have studied 22 children with newly diagnosed type 1 diabetes mellitus at four different points: at diagnosis before insulin therapy, after 48 -60 h of insulin therapy, and after 1 and 4 mo of insulin treatment. At each point circulating levels of ghrelin, leptin, IGF-I, IGF binding protein (IGFBP)-1, IGFBP-2, IGFBP-3, and glucose were determined. Ghrelin levels were significantly decreased at diagnosis (573 Ϯ 68 pg/mL, p Ͻ 0.01) compared with controls (867 Ϯ 38 pg/mL) and remained decreased after insulin therapy (d 2: 595 Ϯ 68 pg/mL; 1 mo: 590 Ϯ 61 pg/mL; 4 mo: 538 Ϯ 67 pg/mL) with no differences before or after insulin treatment. There was a negative correlation between ghrelin levels and body mass index at all of the study points, whereas a negative correlation between ghrelin and glucose concentrations was only observed after insulin therapy. No correlation between ghrelin and HbA1c was found at any point. A positive correlation between ghrelin and IGFBP-1 was found after insulin therapy, but no correlation with other members of the IGF system or leptin was found. In conclusion, these data could indicate a possible link between glucose concentrations and ghrelin; hence, the persisting low ghrelin levels in diabetic children may suggest a defensive mechanism against hyperglycemia. The recent discovery of ghrelin, an acylated 28 amino acid peptide (1), has added new perspectives to our understanding of the control of food intake, energy balance, and growth. Ghrelin is secreted primarily by the stomach and duodenum, although a minor proportion of ghrelin synthesis occurs in other sites such as the hypothalamus, pituitary, and lung. Ghrelin can bind to two different receptors (2), GHS-R1a, involved in the control of GH secretion, and GHS-R1b whose function remains unknown. Recent reports (3, 4) describe a new cell type in the human pancreas that produces ghrelin. The pancreas also expresses GHS-R (2); hence, in addition to stimulating GH secretion (5) and controlling food intake, fat utilization, and fat synthesis (6 -8) , ghrelin could play an important role in glucose and insulin metabolism. However, controversial data exist concerning the influence of ghrelin on glucose and insulin levels. Although some authors report that ghrelin stimulates insulin secretion (9, 10), others suggest that it reduces insulin secretion (11) (12) (13) . There are also controversial data related to the influence of glucose administration on ghrelin levels (14, 15) and the changes in ghrelin levels after insulin administration (16, 17) . However, it is clear that ghrelin administration produces hyperglycemia (12, 13) . This ghrelininduced rise in glucose levels is unrelated to a decrease in insulin secretion as the decline in insulin often follows the hyperglycemia. Furthermore, it does not reflect an increase in glucagon secretion (13) .
In Spain, the incidence of type 1 diabetes mellitus is 11.3 per 100,000 children below 15 y of age (18) . This chronic disease is associated with alterations in the GH-IGF system, which are partially accounted for by changes in metabolic control and are also affected by pubertal status (19) . It is well known that these patients have decreased IGF-I and elevated IGFBP-1 and IGFBP-2 serum levels, especially in those with inadequate metabolic control, whereas IGFBP-3 levels do not differ with respect to normal controls (19, 20) . After insulin administration, an increase in IGF-I, a decrease in IGFBP-1, and no change in IGFBP-3 levels is observed (21) . These disturbances may play a role in the pathogenesis of growth impairment in children with poorly controlled type 1 diabetes mellitus and in the development of secondary complications (19) . Leptin, a hormone encoded by the ob gene, acts as a hormonal feedback signal at the level of the hypothalamus to regulate fat stores (22) . Leptin and ghrelin are thought to exert opposite effects on metabolism (6 -8) . Leptin is decreased in newly diagnosed type 1 diabetic patients and increases after insulin therapy. This increase is independent of changes in body weight and is probably due to the stimulatory effect of insulin on leptin production (23, 24) .
To our knowledge, there are no published data concerning ghrelin levels in patients with type 1 diabetes mellitus at diagnosis and after insulin therapy. To further investigate the role of ghrelin in glucose and insulin metabolism, we analyzed 1) plasma ghrelin levels in children with type 1 diabetes mellitus at diagnosis and after insulin therapy, 2) the relationship between ghrelin and anthropometric data, and 3) the correlation between ghrelin and leptin, IGF-I, IGFBP-1, IG-FBP-2, IGFBP-3, and glucose concentrations throughout the study.
SUBJECTS AND METHODS

Subjects.
Twenty-two children (10 boys and 12 girls), aged 6.44 Ϯ 0.76 y, admitted to the Hospital Infantil Universitario Niño Jesús with newly-diagnosed type 1 diabetes mellitus were studied during 1 y. All subjects had abrupt diabetes onset with classical symptoms. Patients with ketoacidosis (n ϭ 9), as evidenced by an arterial pH Ͻ7.3, plasma glucose Ͼ300 mg/dL, and ketonuria, were treated with i.v. fluids and continuous insulin infusion according to our standard protocol. The insulin dose ranged between 0.05 and 0.1 IU/kg/h for at least 24 h. Five patients were treated with continuous insulin infusion during 48 h. Four patients received a continuous insulin infusion during 24 h and then s.c. insulin from 24 to 48 h. The remaining subjects were started on short-acting s.c. insulin injections every 4 h for the first 24 h, with an insulin dose ranging between 0.6 and 1 IU/kg/d. After 48 -60 h, depending on the clinical situation of the child, patients were started on a split-mix regimen of intermediate and short-acting insulin administered s.c. The nondiabetic control group consisted of 37 (16 boys and 21 girls) healthy children at Tanner stage I who were referred to our division for suspected endocrine abnormalities and were found to be normal, with height, weight, and body mass index (BMI) between Ϯ1 SDS according to our Spanish standards. They had a mean age of 7.13 Ϯ 0.49 y, with a mean BMI SDS of 0.15 Ϯ 0.40, a mean height SDS of 0.04 Ϯ 0.14, and a mean weight SDS of 0.07 Ϯ 0.15.
Blood samples for ghrelin measurements were collected at presentation before insulin therapy was initiated (diabetes mellitus time point 1: DM 1), 48 -60 h after insulin therapy (diabetes mellitus time point 2: DM 2), and after 1 mo (diabetes mellitus time point 3: DM 3) and 4 mo (diabetes mellitus time point 4: DM 4) of follow-up. All blood samples were obtained after overnight fasting in control subjects. In diabetic patients, all blood samples were obtained after overnight fasting except at the moment of the diabetic debut (d 0), when the samples were obtained at the moment of presentation to avoid any delay in beginning insulin treatment. Patients who had eaten during the 3 h previous to starting insulin therapy (d 0) were excluded from the study. Blood samples were drawn into chilled tubes containing EDTA (1 mg/mL) plus aprotinin (500 U/mL). The samples were centrifuged and stored at Ϫ80°C until assayed.
All subjects were informed of the purpose of the study and parents or guardians gave consent as required by the local human ethics committee. This study was approved by the local human ethics committee.
Biochemical measurements. Plasma ghrelin levels were measured by a commercial RIA assay (Phoenix Pharmaceutical, Inc., Belmont, CA, U.S.A.) using a polyclonal antibody that recognizes octanoylated and nonoctanoylated ghrelin and 125 I-ghrelin as a tracer molecule. The intra-and interassay coefficients of variation were 5.0% and 11.2%, respectively. Assay sensitivity was 12 pg/mL.
HbA1c, IGF-I, IGFBP-1, IGFBP-2, IGFBP-3, insulin, and leptin were measured as previously reported (20, (25) (26) (27) (28) .
Plasma glucose was measured by the glucose oxidase method on a Beckman glucose analyzer (Beckman Coulter, Fullerton, CA, U.S.A.).
Statistics. All data are reported as the mean Ϯ SEM. When two experimental groups were compared, t test was applied. For more than two experimental groups, analysis was performed by ANOVA for repeated measures, followed by Scheffé's F test. Multiple regression analysis was performed to determine the overall interaction of the parameters studied, followed by partial correlation analysis. Stepwise multiple regression analysis was performed to determine the effect of the other independent variables on ghrelin. A value of p Ͻ 0.05 was chosen as the level of significance.
RESULTS
Anthropometric and clinical data. Our data show a significant increase in BMI in diabetic patients during the study period. There was also a significant decrease in glucose levels, HbA1c, and insulin dose throughout the study (see Table 1 ).
Laboratory results. Ghrelin levels were significantly decreased in newly diagnosed type 1 diabetes (DM 1): 573 Ϯ 68 pg/mL (range, 162-1230) compared with controls: 867 Ϯ 38 pg/mL (range, 347-1260) (p Ͻ 0.01).
The study group of 22 patients was heterogeneous regarding the form of insulin administration until after the second blood sample was drawn for ghrelin analysis (d 2). However, no significant differences in ghrelin levels were found between patients who received i.v. insulin, s.c. insulin, or i.v./s.c. insulin therapy. Forty-eight to sixty hours after the onset of diabetes, mean ghrelin levels at study time-point 2 (DM2) in the 12 patients that received s.c. insulin therapy were 519 Ϯ 89 pg/mL; in the five patients treated with insulin perfusion, 623 831 Ϯ 87 pg/mL; and in the patients treated with insulin perfusion (24 h) and then s.c. insulin (24 h more), 598 Ϯ 148 pg/mL. Hence, the results at DM 2 were combined for all 22 patients. After collection of the second blood sample for ghrelin analysis, all patients were started on a split-mix regimen of intermediate and short acting insulin s.c.
Even after insulin therapy, mean ghrelin levels remained decreased compared with controls: d 2 (DM 2): 595 Ϯ 68 pg/mL (range, 218 -1220); 1 mo (DM 3): 590 Ϯ 61 pg/mL (range, 245-1215); 4 mo (DM 4): 538 Ϯ 67 pg/mL (range, 275-1145). No differences were found in mean ghrelin levels before or after insulin therapy in type 1 diabetic patients (Fig.  1A) .
Leptin levels were decreased in diabetic patients at diagnosis, with a rapid increase after insulin therapy, such that 48 -60 h after beginning insulin therapy (DM 2) there was no significant difference from controls (Fig. 1B) . IGF-I levels were also decreased at diagnosis and reached normal values after 1 mo of insulin treatment (Fig. 1C) . IGFBP-3 levels were normal at diagnosis and did not change with insulin treatment (Fig. 1D) . IGFBP-1 levels were increased at all study points (Fig. 1E) , whereas IGFBP-2 levels normalized after 1 mo of therapy (Fig.  1F) .
Insulin dose and ghrelin levels. We found no effect of insulin dosage on ghrelin levels. Patients who received Ͻ0.6 UI/kg/d on a split-mix regimen of intermediate and shortacting insulin s.c. at 1 mo (insulin dose, 0.41 Ϯ 0.04) and 4 mo of treatment (insulin dose, 0.42 Ϯ 0.06) had a mean ghrelin level of 511 Ϯ 66 pg/mL. Those patients who received Ͼ0.6 UI/kg/d had a mean ghrelin level of 501 Ϯ 40 pg/mL. Hence, there was no difference in mean ghrelin levels despite a significant difference between these groups in mean glucose levels (135 Ϯ 8 mg/dL versus 186 Ϯ 11 mg/dL, respectively; p Ͻ 0.001).
Correlations between ghrelin and BMI, glucose concentrations, and HbA1c. In diabetic patients there was a negative correlation between ghrelin levels and BMI throughout the study. A similar correlation was found in the control group ( Fig. 2A) . Ghrelin levels were negatively correlated with glucose levels in controls and in diabetic patients after insulin administration (Fig. 2B) . No correlation between ghrelin levels and HbA1C was found at diagnosis [r ϭ Ϫ0.03 (NS)] or after 4 mo of treatment [r ϭ Ϫ0.05 (NS)].
Correlations between ghrelin and IGF-I, IGFBP-1, IG-FBP-2, IGFBP-3, and leptin levels. No correlation between ghrelin and IGF-I, IGFBP-3, or leptin levels was found (Table  2) . A positive correlation between ghrelin and IGFBP-2 was found after 2 d of insulin treatment, but this correlation was not significant at later time points. A significant positive correlation was found between ghrelin and IGFBP-1 levels in controls and in diabetic patients after insulin therapy, but not in diabetic patients at diagnosis (Fig. 2C) .
DISCUSSION
Although previous reports suggest an important role for ghrelin in glucose metabolism (9 -17) , the exact implication of this peptide remains unknown. In addition, there are no data published on ghrelin levels in children with type 1 diabetes. To further understand the role of ghrelin in diabetic patients, we analyzed plasma ghrelin, leptin, IGF-I, IGFBP-1, IGFBP-2, and IGFBP-3 in a cohort of children with type 1 diabetes at the time of diagnosis and after insulin therapy at three different time points.
We found ghrelin levels to be decreased in diabetic children and to remain so even after insulin therapy. As insulin (17) and high BMI (29, 30) are suggested to inhibit ghrelin secretion, one might predict that diabetic patients without insulin and with low BMI should have elevated ghrelin levels. On the contrary, ghrelin levels were decreased and did not return to normal values despite insulin therapy and BMI recuperation. Glucose is suggested to inhibit ghrelin secretion (14) . Hence, one might hypothesize that the high glucose levels found at the debut of diabetes inhibit ghrelin secretion. However, no correlation between ghrelin levels and glucose concentrations was found at this moment of the study.
Ghrelin has been shown to stimulate hyperglycemia (12, 13 ). This effect is unrelated to the decrease in insulin levels, as this decrease often occurs after the increase in glucose concentrations. Furthermore, the rise in plasma glucose levels does not reflect an increase in glucagon secretion. To explain the hyperglycemic effect of ghrelin, a direct glycogenolytic action at the hepatic level could be hypothesized. This is probably mediated through a GHS-R that is not type 1a, as synthetic GHS do not modify glucose concentrations (12) . Indeed, there is a negative correlation between ghrelin and glucose concentrations throughout normal development with no relationship to basal insulin levels (31). Here we show that this relationship is also present in diabetic patients after insulin therapy. Taken together, these data suggest that ghrelin has an important relationship with glucose concentrations and this could be independent of insulin. Ghrelin could have a direct hyperglycemic effect via glycogenolysis (13) and at the same time, ghrelin-producing cells could be directly influenced by glucose levels (14) . Hence, in situations of elevated glucose concentrations the organism may respond by decreasing ghrelin levels so that it does not contribute to a further increase in glucose concentrations. 
SORIANO-GUILLÉN ET AL.
The negative correlation between ghrelin and glucose concentrations found in normal controls is observed in diabetic patients only after insulin therapy; however, no correlation between ghrelin levels and HbA1C was found. These data suggest that ghrelin levels could be influenced more by acute than chronic changes in plasma glucose concentrations.
One of the main actions of exogenous ghrelin is to stimulate appetite (6 -8) ; however, in young children it is difficult to accurately evaluate appetite. Ishii and co-workers (32) found that streptozotocin-induced diabetic rats had a marked increase in circulating ghrelin levels, suggesting that in concert with decreased leptin levels, stomach-derived ghrelin contributes to the diabetic hyperphagia. It is unlikely that high plasma glucose and/or low insulin levels stimulate ghrelin secretion; however, increased ghrelin levels could be mediated by the reduced plasma GH and/or leptin levels. In contrast to rats, diabetic humans have a hypersecretory pattern of GH, suggesting that the decrease in ghrelin levels is not GH mediated. 
GHRELIN IN DIABETES MELLITUS TYPE 1
Patients with hyperthyroidism have hyperphagia and low circulating ghrelin levels, suggesting that circulating ghrelin is not the mediator of the hyperphagia in this condition (33) . Likewise, in diabetic patients it appears that ghrelin is not the main factor controlling appetite. As previously reported by others (29, 30) , we found a negative correlation between ghrelin levels and BMI in diabetic patients throughout the study. This suggests that ghrelin, apart from its role in glucose metabolism, has an important function in the control of metabolism.
The pathophysiological mechanisms involved in the alterations of the GH axis in diabetic patients remain unknown. Low serum GH binding protein (GHBP) levels in diabetic patients, in addition to elevated GH levels and low serum IGF-I concentrations, indicate a certain degree of GH resistance. These patients also have elevated IGFBP-1 levels, which could contribute to decrease the biologic activity of IGF-I. Hence, the low levels and biologic activity of IGF-I could be one of the principal elements contributing to the GH hypersecretion in patients with type 1 diabetes (20) . Ghrelin is a potent stimulator of GH secretion (5) , and GH may have a negative feedback effect on ghrelin. The high GH levels could therefore contribute to the suppression of ghrelin levels. However, after insulin therapy and with normal metabolic control diabetic patients no longer exhibit GH resistance (19, 20) , although ghrelin levels remain low. No correlation between ghrelin levels and IGF-I or IGFBP-3, both GH dependent proteins, was observed during this longitudinal study, although a significant correlation between ghrelin and IGFBP-1 was found. This positive correlation between ghrelin and IGFBP-1 exists from fetal life through Tanner stage V (31) and after weight normalization in obese children and anorexic adolescents (34) . Like ghrelin levels, IGFBP-1 levels decrease during childhood until adulthood (25) and vary markedly during the day in relation to the metabolic status in a GH independent manner (35) . In addition, it is thought that IGFBP-1 levels partially depend on insulin levels (26, 27) . These data suggest a possible relationship between ghrelin and IGFBP-1, but the physiologic significance of this remains to be elucidated.
As reported previously by others (23, 24) , we found leptin levels to be decreased in newly diagnosed type 1 diabetes patients and to increase after insulin therapy. This increase is independent of changes in body weight and is probably due to the stimulatory effect of insulin on leptin production. On the contrary, ghrelin levels did not change after insulin therapy and did not correlate with leptin levels at any time of the study, suggesting that these two hormones have independent control mechanisms.
In conclusion, the persisting low ghrelin levels in diabetic children after insulin therapy may indicate a defensive mech- anism against hyperglycemia. These data and the negative relationship observed between ghrelin and glucose levels regardless of insulin dosage could indicate a link between plasma glucose concentrations and ghrelin levels.
